We have designed MI-219 as a potent, highly selective and orally active small-molecule inhibitor of the MDM2-p53 interaction. MI-219 binds to human MDM2 with a Ki value of 5 nM and is 10,000-fold selective for MDM2 over MDMX. It disrupts the MDM2-p53 interaction and activates the p53 pathway in cells with wild-type p53, which leads to induction of cell cycle arrest in all cells and selective apoptosis in tumor cells. MI-219 stimulates rapid but transient p53 activation in established tumor xenograft tissues, resulting in inhibition of cell proliferation, induction of apoptosis, and complete tumor growth inhibition. MI-219 activates p53 in normal tissues with minimal p53 accumulation and is not toxic to animals. MI-219 warrants clinical investigation as a new agent for cancer treatment.
T he tumor suppressor p53 plays a central role in the regulation of cell cycle, apoptosis, DNA repair, and senescence (1) (2) (3) (4) . Because of the prominent role played by p53 in suppressing oncogenesis (5), it is not surprising that p53 function is impaired in all human cancers. Several distinct approaches have been pursued to restore p53 function as a new cancer therapeutic strategy (6) (7) (8) (9) . Three recent studies, using unique genetic mouse models, have demonstrated that the restoration of p53 leads universally to a rapid and robust regression of established sarcomas, lymphomas, and liver tumors (10) (11) (12) (13) (14) . These studies provide strong evidence that established tumors remain persistently vulnerable to p53 tumorsuppressor function and that restoration of p53 function is therefore a powerful cancer therapeutic strategy (13) .
In Ϸ50% of human cancers, the gene encoding p53 is either deleted or mutated, rendering the p53 protein inactive (5, 15) . In the remaining cancers, p53 retains its wild-type status but its function is effectively inhibited by its primary cellular inhibitor, the human MDM2 oncoprotein (mouse double minute 2, also termed HDM2 in humans) (5, 16, 17) . One attractive pharmacological approach to p53 reactivation is to use a small molecule to block the MDM2-p53 interaction (6) (7) (8) 18) . The discovery of the Nutlins provided the important proof of the concept for this approach (7) . Nutlins were shown to bind to MDM2, block the MDM2-p53 interaction, and activate wild-type p53 (7, (19) (20) (21) . Nutlin-3a exhibits strong anti-tumor activity in multiple xenograft mouse models of human cancer (7, 19) . The discovery of the Nutlins has fueled enthusiasm for the development of small-molecule MDM2 inhibitors as a new class of anticancer therapy (6, 8, 22, 23) .
One critical question in the development of MDM2 inhibitors for cancer treatment is their potential toxicity to normal tissues. This concern was heightened by a recent genetic study, which showed that p53 activation in the absence of the MDM2 gene causes severe toxicity to radiosensitive normal adult mouse tissues, leading to rapid animal death (24) . Previous studies on Nutlin-3 reported that therapeutically effective doses do not cause animal weight loss or other gross abnormalities (7, 19) , but whether an MDM2 inhibitor would activate p53 and cause toxicity in normal tissues remains unaddressed.
For an unambiguous evaluation of pharmacological activation of p53 by blocking the MDM2-p53 interaction, it is essential first to create an ideal small molecule with the following properties: (i) a high binding affinity to MDM2, (ii) excellent specificity for MDM2 over other proteins, (iii) potent cellular activity and specificity, and (iv) a highly desirable pharmacokinetic (PK) profile in animals for in vivo evaluation. Employing a de novo structure-based approach, we have now designed MI-219 as an ideal MDM2 inhibitor. Using MI-219, we have carried out critical evaluation of the pharmacological activation of p53 by targeting the MDM2-p53 interaction as a potential cancer therapeutic strategy. Our present study provides compelling evidence that activation of p53 by a potent and specific MDM2 inhibitor is a promising cancer therapeutic strategy and that MI-219 warrants clinical investigation for cancer treatment.
Results and Discussion
Rational Design of MI-219 as a Potent, Specific, and Orally Available Small-Molecule Inhibitor of the MDM2-p53 Interaction. Employing a structure-based approach and based on the crystal structure of the MDM2-p53 complex (25), we have designed spiro-oxindoles (Fig.  1A) as a new class of inhibitors of the MDM2-p53 interaction (26, 27) , as exemplified by MI-63. MI-63 binds to MDM2 with high affinity, activates the p53 pathway, and selectively inhibits cell growth in cancer cell lines with wild-type p53 (27) . Furthermore, MI-63 effectively induces apoptosis ex vivo in chronic lymphocyte leukemia patient samples with functional p53 (42) . However MI-63 has a poor PK profile and is unsuitable for in vivo evaluation. Extensive modifications of MI-63 have now yielded MI-219 as a potent and selective MDM2 inhibitor with a desirable PK profile [ Fig. 1 A and B and supporting information (SI) Methods]. Computational modeling predicted that MI-219 mimics the key binding residues in p53 (Phe-19, Leu-22, Trp-23, and Leu-26) ( Fig. 1C and SI Fig. 6 ) and achieves optimal interactions with MDM2. Indeed, MI-219 binds to MDM2 with a K i value of 5 nM, and is Ͼ1,000-fold more potent than the p53 peptide (Fig. 1B) . In this assay, Nutlin-3 has a K i value of 36 nM.
Although MDMX is a closely related homolog of MDM2 (28, 29) , MI-219 binds to MDMX with an IC 50 value of Ͼ100 M (estimated K i ϭ 55.7 M) and is Ͼ10,000 times less potent in binding than to MDM2 (Fig. 1B) . The p53 peptide binds to MDM2 and MDMX with similar affinities (Fig. 1B) , and Nutlin-3 binds to MDMX with a K i value of 9.4 M (Fig. 1B) , similar to that reported in refs. 21 and 30. Although Bcl-2 and Bcl-xL also have hydrophobic binding grooves that interact with amphiphilic ␣-helix domains of their binding partners, similar to the MDM2-p53 interaction, MI-219 showed no or minimal binding at 100 M (SI Fig. 7A ). Thus, MI-219 binds to MDM2 with a high affinity and selectivity.
MI-61 was designed as an inactive analogue and binds to MDM2 with a Ͼ2,000-times weaker affinity than MI-219 ( Fig. 1 A and B) .
MI-219 Blocks MDM2-p53 Interaction and Activates the p53 Pathway.
A potent and specific inhibitor of the MDM2-p53 interaction should activate the p53 pathway in cells with wild-type p53 (2, 31, 32) . Indeed, MI-219 dose-dependently induced p53 accumulation and up-regulation of MDM2, p21, and PUMA, three p53-target gene products, in the SJSA-1 (osteosarcoma), LNCaP, and 22Rv1 (prostate cancer) cell lines with wild-type p53 ( Fig. 2A and SI Fig.  8A ). Similar results were obtained for Nutlin-3. The inactive analogue MI-61 had no effect. Furthermore, MI-219 and Nutlin-3 had no effect on the levels of p53, MDM2, and p21 proteins in cell lines with mutated/deleted p53 ( Fig. 2 A and SI Fig. 8A ), indicating that up-regulation of MDM2 and p21 by MI-219 is strictly p53-dependent.
MI-219 was evaluated for its effect on seven primary human normal cells or cell lines [primary normal prostate epithelial cells (PrEC); human mammary epithelial cells (HMEC); human renal epithelial cells (HREC); WI-38, CCD-18Co, and foreskin fibroblasts; and MCF-12F normal-like cell line]. MI-219 induced functional activation of p53 in these normal cells, as indicated by up-regulation of p53, MDM2, and/or p21, whereas MI-61 had no effect ( Fig. 2 A and SI Fig. 9A ). Thus, these data indicate that MI-219 activates the p53 pathway in both normal and cancer cells with wild-type p53. However, both MI-219 and Nutlin-3 failed to up-regulate PUMA, a potent mediator of p53-dependent apoptosis, in normal PrEC (Fig. 2 A) . MI-219 was evaluated for its ability to block the intracellular MDM2-p53 interaction. Coimmunoprecipitation showed that although MI-219 caused up-regulation of p53 and MDM2 in SJSA-1 ( Fig. 2B ) and 22Rv1 (SI Fig. 8B ) cancer cell lines, little or no MDM2 protein coimmunoprecipitated with p53. Similar results were obtained for Nutlin-3. MG132, a proteasome inhibitor known to cause p53 and MDM2 accumulation by blocking protein degradation (33) , indeed increased the levels of both proteins but failed to block their interaction.
RT-PCR analysis showed that MI-219 increased the transcription of both MDM2 and p21 genes in SJSA-1 cells but had no effect on p53 transcription, and had no effect on any of these genes in DU-145 cells with mutant p53 (Fig. 2C ). These data showed that MI-219 induces up-regulation of MDM2 and p21 proteins at the transcriptional level but causes accumulation of p53 at the posttranscriptional level.
MI-219 Potently and Selectively Inhibits Cell Growth in Cancer Cell
Lines with Wild-Type p53. Activation of the p53 pathway by MI-219 leads to cell cycle arrest and/or cell death induction and cell growth inhibition (34, 35) . MI-219 potently inhibited cell growth in the SJSA-1, LNCaP, and 22Rv1 cancer cells with wild-type p53, having IC 50 values ranging between 0.4 and 0.8 M (Fig. 2D ), but showed a 20-to 50-fold weaker activity in cancer cell lines lacking wild-type p53. Using HCT-116 p53 ϩ/ϩ and p53 Ϫ/Ϫ isogenic cell lines [a kind gift from B. Vogelstein (Johns Hopkins University, Baltimore)], we confirmed that the cell growth inhibitory activity of MI-219 is p53-dependent (Fig. 2D) . MI-61 only weakly inhibited cell growth in cancer cell lines with wild-type p53 and significantly displayed no selectivity over those lacking wild-type p53. In agreement with a previous report (7), Nutlin-3 inhibited cell growth in cancer cell lines with wild-type p53 and exhibited Ϸ10-fold selectivity over those without wild-type p53 (Fig. 2D) .
MI-219 Induces Cell Cycle Arrest in both Cancer and Normal Cells. Both MI-219 and Nutlin-3 effectively depleted S-phase cells and arrested LNCaP cells in G 1 and G 2 phases but had no effect on all cell lines lacking wild-type p53 ( Fig. 3A and SI Fig. 10A ). Transient transfection of SJSA-1 and LNCaP cells with p53 siRNA decreased the p53 basal levels; attenuated the up-regulation of p53, MDM2, and p21 by MI-219; and rendered MI-219 much less effective at induction of cell cycle arrest ( Fig. 3B and SI Fig. 10B ). MI-61 had little or no effect. These data indicate that the cell cycle arrest by MI-219 in cancer cells is p53-dependent. MI-219 also effectively halted cell cycle progression in all normal cells examined ( Fig. 3A  and SI Fig. 9B) , and, therefore, it induces cell cycle arrest in both cancer and normal cells with wild-type p53.
MI-219 Induces Apoptosis in Cancer but Not in Normal Cells.
Because p53 is also a central regulator of apoptosis (2, 3, 31, 32), we examined whether activation of p53 by MI-219 leads to apoptosis in cancer and normal cells. MI-219 effectively induced cell death in three cancer cell lines with wild-type p53 in a dose-dependent manner but had little effect on cancer cells lacking wild-type p53 (SI Fig. 11 A) . Cell death induced by MI-219 was apoptotic, as confirmed by Annexin V staining ( Fig. 3 B and C and SI Fig. 11B ). Nutlin-3 also induced apoptotic cell death in cancer cells with wild-type p53, albeit less potently than MI-219 ( Fig. 3 B and C and  SI Fig. 11B ). MI-61 showed no significant effect on any cancer cell line. Induction of apoptosis by MI-219 was strictly p53-dependent, because silencing p53 via siRNA abolished its effect ( 
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UT PARP (SI Fig. 12 A) and is caspase-dependent because a pan caspase inhibitor ZVAD almost abrogated apoptosis induction (SI Fig. 12B) .
In contrast to cancer cell lines with wild-type p53, all normal cells or cell lines were resistant to induction of apoptosis and cell death by MI-219 and Nutlin-3 ( Fig. 3C and SI Fig. 9 C and D) . Thus, MI-219 effectively and selectively induces apoptosis in cancer cells expressing wild-type p53 but has minimal effect on normal cells.
MDMX Attenuates the Activity of MI-219. Both MDM2 and MDMX inhibit p53 function through direct binding. Because MI-219 binds to MDMX with a very weak affinity, it may not be able to fully activate p53 in cells expressing high levels of MDMX protein (21) . However, MI-219 induced significant MDMX degradation in LNCaP cells expressing high levels of MDMX (Fig. 3D ). Silencing p53 with siRNA attenuated MDM2 up-regulation and markedly decreased MDMX degradation induced by MI-219 (Fig. 3D) , consistent with a report that MDMX degradation induced by Nutlin-3 is mediated by MDM2 (36) . Transfection with MDMX siRNA, compared with GFP siRNA, enhanced apoptosis induction and cell cycle arrest by MI-219 in LNCaP cells (Fig. 3D and SI Fig. 13 ), indicating that MDMX attenuates p53 activation by MI-219. These data indicate that, although it does not bind to MDMX, MI-219 can induce MDMX degradation, which may contribute to its antitumor activity in cells with high levels of MDMX.
MI-219
Activates p53, Inhibits Cell Proliferation, and Induces Apoptosis in Xenograft Tumors. Because MI-219 achieved an excellent oral bioavailability in PK studies ( Fig. 4A and SI Table 1 ), we investigated in vivo activation of p53 by MI-219, using mouse xenograft models of human cancer. Immunohistochemical (IHC) analysis showed that a single oral dose of MI-219 induced strong accumulation of p53 in SJSA-1 tumor xenograft tissues at 1-and 3-h time points, but p53 levels were barely detectable at 6 h and thereafter (Fig. 4B) . Western blot data confirmed these findings and further showed that p53 accumulation induced by MI-219 was accompanied by up-regulation of MDM2 and p21 proteins in tumor tissues (SI Fig. 14A ). Activation of p53 in tumor tissues is positively correlated with plasma concentrations of MI-219 in PK studies (Fig.  4A) . When the concentrations of MI-219 decreased, the level of p53 activation in tumor tissues rapidly diminished, indicating that activation of p53 induced by MI-219 is transient. Irinotecan (IRT) also caused p53 accumulation in tumor tissues but had little effect on the levels of MDM2 and p21 proteins ( Fig. 4B and SI Fig. 14A ). MI-219 also induced p53 accumulation in LNCaP xenograft tumor tissues (SI Fig. 14A) .
A single oral dose of MI-219 inhibited cell proliferation and induced apoptosis in tumor tissues in a time-dependent manner and achieved maximum effects at 24 h (Fig. 4C and SI Fig. 14B ). Thus, rapid p53 activation by MI-219 precedes its maximum biological effect. IRT induced maximum apoptosis at the 6-h time point. Induction of apoptosis by MI-219 and IRT in tumor tissues was further supported by IHC staining of cleaved PARP and H&E staining ( Fig. 4C and SI Fig. 14C ).
MI-219 Shows Robust in Vivo Antitumor Activity. We next evaluated the anti-tumor activity of MI-219 as an oral agent employing SJSA-1 and LNCaP xenograft mouse models. MI-219 was highly effective in the inhibition of tumor growth in both models ( Fig. 4D and SI  Fig. 15 ). At 200 mg/kg once a day (qD) for 14 days, MI-219 inhibited tumor growth by 75% in SJSA-1 xenografts compared with the vehicle-treated group (P ϭ 0.0011, t test) (Fig. 4D) . Because p53 activation by MI-219 is transient, we explored whether more frequent dosing of MI-219 would achieve an even stronger antitumor activity. Indeed, MI-219 at 200 mg/kg twice a day (BID) for 14 days inhibited tumor growth by 86% compared with the vehicle control (P ϭ 0.0004, t test) and is more effective than the qD dosing (P ϭ 0.0163, ANOVA) ( Fig. 4D and SI Fig. 15 ). MI-219 at 300 mg/kg BID for 14 days completely inhibited tumor growth, and the tumor volume was decreased from 95 Ϯ 13 mm 3 at the start of the treatment to 67 Ϯ 18 mm 3 after the treatment, whereas the mean tumor volume in the vehicle-treated group grew from 95 Ϯ 21 mm 3 to 1,328 Ϯ 633 mm 3 in the same period. MI-219 at 300 mg/kg BID was much more effective than IRT at its maximum tolerated dose (P Ͻ 0.0001, ANOVA).
Furthermore, MI-219 was also very effective in the inhibition of LNCaP tumor growth (Fig. 4D) . Treatment with MI-219 for 17 days reduced the tumor size from 184 Ϯ 69 mm 3 to 134 Ϯ 67 mm 3 , whereas the vehicle-treated tumors grew from 200 Ϯ 67 mm 3 to 487 Ϯ 128 mm 3 . No significant weight loss or other signs of toxicity were observed for mice treated with MI-219 at any dose schedule (SI Fig. 16 ). These in vivo data thus showed that MI-219 achieves strong antitumor activity at nontoxic dose schedules. The in vivo antitumor activity of MI-219 is p53-dependent because MI-219 failed to achieve significant antitumor activity (P Ͼ 0.05, ANOVA) in the MDA-MB-231 (2LMP) xenografts expressing mutated p53 (SI Fig. 17) . 
MI-219 Is Not Toxic to Normal Tissues.
We next examined the toxicity of MI-219 on normal tissues, particularly radio-sensitive tissues, such as small-intestine crypts and thymus, which are known to be sensitive to p53-induced apoptosis (37, 38) . TUNEL and H&E analyses showed that treatment of nude (Fig. 5A ) and BALB/c (SI Fig. 18A ) mice by a single dose of MI-219 did not induce apoptosis at any time point examined in the small-intestinal crypts. In contrast, a single dose of IRT or ionizing radiation (IR) induced clear apoptosis in the crypts ( Fig. 5A and SI Fig. 18A ). In addition, MI-219 caused no apoptosis in thymus in BALB/c mice, whereas IR induced profound tissue damage (Fig. 5B) . These data were further confirmed by using C57BL/6 mice (SI Fig. 19 ).
To investigate whether repeated and long-term dosing of MI-219 is toxic to animals, nude mice were treated with MI-219 at 300 mg/kg [BID and per os (p.o.)] for a total of 14 days, a highly efficacious dose schedule for its antitumor activity. Histopathology revealed that MI-219 did not cause damage to either radio-sensitive or -resistant tissues, such as those from bone marrow, spleen, small-intestine, and colon (39) (Fig. 5C and SI Fig. 20A ). Furthermore, no tissue damage was found after the treatment was stopped for 2 weeks (data not shown). In addition, treatment of BALB/c mice with MI-219 at 300 mg/kg (BID and p.o.) for 7 days did not cause damage to thymus (Fig. 5B) , small intestine (SI Fig. 20B ), or any other tissues examined (data not shown). Hence, MI-219 is not toxic to normal mouse tissues.
To rule out the possibility that the lack of toxicity of MI-219 in mice could be due to low drug exposure in normal tissues, we performed tissue distribution analysis in nude mice bearing SJSA-1 xenografts. MI-219 was present at very high concentrations in all of the tissues except the brain (SI Table 2 ). The concentrations of MI-219 in SJSA-1 tumor tissues were very similar to those observed in spleen and plasma, but much lower than those in other tissues, such as lung, liver, and kidney. Therefore, the lack of toxicity of MI-219 to normal tissues is not due to low drug exposure.
MI-219
Functionally Activates p53 in Normal Mouse Tissues. We next examined p53 activation in normal mouse tissues. IHC staining showed that although IR and IRT induced robust p53 accumulation in the small intestinal crypts and thymus, MI-219 caused minimal p53 accumulation in these tissues (Fig. 5 A and B and SI Fig. 18B ).
To investigate whether p53 was still functionally activated, despite low accumulation, we examined p21 accumulation in small intestine, liver, stomach, and spleen. Western blot analysis showed that p21 is robustly up-regulated in small intestine (Fig. 5D ) and in liver, stomach, and spleen (SI Fig. 21 A) . Because up-regulation of p21 by MI-219 and Nutlin-3 in human cells is strictly p53-dependent, these data suggest that, although p53 is not accumulated to a high level in normal tissues, it is functionally activated.
To exclude the possibility that p21 up-regulation by MI-219 in mouse tissues in vivo is p53 independent, MI-219 was evaluated in NIH 3T3 and B16 mouse cell lines with wild-type p53 (SI Fig. 21B ). MI-61 and Nutlin-3 were used as the inactive and active control, respectively. MI-219 and Nutlin-3 induced p21 up-regulation in both mouse cell lines, whereas MI-61 had no effect. Furthermore, MI-219 and Nutlin-3 did not induce significant p53 accumulation either. These data indicate that MI-219 activates p53 in normal mouse tissues, despite low levels of p53 accumulation.
We also investigated the possible differences in the binding of MI-219 to mouse and human MDM2 by computational modeling. Comparison of the modeled three-dimensional (3D) structure of mouse MDM2 to the crystal structure of human MDM2 revealed that their p53 binding sites are very similar (SI Fig. 22 A) , with the exception that two leucine residues (i.e., Leu-54 and 57) in human MDM2 are replaced by isoleucine residues in mouse MDM2. Modeling further predicted that MI-219 binds to mouse and human MDM2 with essentially identical models and similar binding affinities (SI Fig. 22B and SI Table 3 ).
Activation of p53 by an MDM2 Inhibitor Is Different from Other
Approaches. Activation of p53 by a potent and specific MDM2 inhibitor is achieved by blocking the MDM2-p53 interaction, does not require posttranslational modifications, and takes place in the presence of MDM2. These important aspects of p53 activation by an MDM2 inhibitor may account for the lack of toxicity of MI-219 to normal tissues.
The important role of MDM2 in protecting normal tissue from damage upon p53 activation is supported by a genetic study (11, 40) , which showed that mice with a 70% reduced level of MDM2 protein had increased p53 activity but were born viable and had only slightly reduced body weight (40) . Importantly, genetic activation of p53 in an MDM2-null background is severely toxic to animals (24) , whereas p53 activation in the presence of MDM2, using a different genetic approach, does not cause damage to normal tissues (11) . In comparison, activation of p53 by MI-219 is always under the surveillance of MDM2 and, therefore, is never fully unleashed.
DNA damaging agents, such as IR and IRT, activate p53 by inducing its posttranslational modifications, such as extensive phosphorylation, therefore altering the protein stability. Indeed, IR and IRT induced robust accumulation of p53 in normal tissues, leading to tissue damage in p53 sensitive tissues, such as the small intestinal crypts and thymus. In comparison, MI-219 activated p53 in normal tissues with minimal p53 accumulation. Therefore, the higher levels of p53 accumulation induced by genotoxic agents (IR and IRT) than by MI-219 could account for their different toxicities.
Summary. We have rationally designed MI-219 as an orally bioavailable and most potent and selective inhibitor of the MDM2-p53 interaction and have performed critical in vitro and in vivo evaluations of MI-219 as a potential new cancer therapy.
MI-219 disrupts the MDM2-p53 interaction and activates the p53 pathway in cells with wild-type p53. Activation of p53 by MI-219 leads to cell cycle arrest in both normal and tumor cells and selective apoptosis in the latter. It activates p53 in normal mouse tissues with minimal p53 accumulation and is not toxic to animals, indicating that normal cells and tissues are intrinsically resistant to activation of p53 by an MDM2 inhibitor. MI-219 stimulates rapid but transient p53 activation in xenograft tumor tissues, resulting in inhibition of cell proliferation, induction of apoptosis, and complete tumor growth inhibition consistent with the notion that established tumors remain persistently vulnerable to the p53 tumor-suppressor function (13) . Our present study provides compelling evidence that pharmacological activation of the p53 by blocking the MDM2-p53 interaction is a promising cancer therapeutic strategy and MI-219 warrants clinical evaluation as a new cancer therapy.
Materials and Methods
Antibodies. The following primary antibodies were used in the study: anti-p53 (FL-393 and CM5) for Western blot analysis, co-IP, and IHC; anti-MDM2 (SMP-14); anti-p53 (DO-1); anti-p21 (SX118); rabbit polyclonal anti-MDMX (Upstate Biosciences); and anti-PUMA (Ab-1) for Western blot analysis.
Chemical Synthesis, Computational Modeling, and FP-Based Binding Assays. MI-219, MI-63, and MI-61 were synthesized by using our method published in refs. 26 and 27. Nutlin-3 was purchased from Cayman Chemical. The binding of small molecules to human MDM2 was predicted by using the GOLD program (26, 27) , as described in SI Methods. Competitive binding assays were performed to determine binding to human MDM2, Bcl-2, and Bcl-xL (26, 27) . The MDMX binding assay is described in SI Methods.
Cell Growth, Cell Cycle, Cell Death, and Apoptosis. Cell growth inhibition activity was determined in a water-soluble tetrazolium (WST)-based assay (27) . Cell cycle analysis was performed by flow cytometric analysis of DNA content after PI staining and BrdU incorporation, using the FITC BrdU kit (BD Biosciences). Cell death was measured by trypan blue staining, and apoptosis was determined by using an Annexin V-FLUOS staining kit (Roche Applied Science).
RNA Interference. To down-regulate p53 and MDMX, cells were transiently transfected with p53 siRNA (41) or MDMX siRNA (Qiagen). GFP siRNA was used as a control. Transfections were performed by using Lipfectamine RNAiMAX (Invitrogen). Intracellular MDM2-p53 Interaction. Coimmunoprecipitation assay was performed to examine the ability of the inhibitors and proteasome inhibitor MG132 to dissociate MDM2-p53 complex formation, as described in ref. 30 .
In Vivo Studies. For anti-tumor efficacy studies, nude athymic mice bearing s.c. tumor xenografts were used. To determine p53 activation in vivo, tissues were harvested, and tissue lysates were analyzed by Western blot analysis and immunohistochemistry (IHC) as described in SI Methods. For histopathology analyses of tissues, paraffin-embedded tissues were stained with H&E. Cell proliferation was examined by IHC staining of BrdU, using a 5-Bromo-2Ј-deoxy-uridine labeling and detection kit II (Roche Applied Science). Apoptosis was examined by TUNEL staining, using an in situ cell death detection kit (Roche Applied Science). For whole-body ␥ radiation, mice were irradiated at 2 Gy/min. All animal experiments were performed under the guidelines of the University of Michigan Committee for Use and Care of Animals.
Statistical Analysis. Statistical analyses were performed by two-way ANOVA and unpaired two-tailed t test, using Prism (version 4.0) from GraphPad. P Ͻ 0.05 was considered significant.
